Abstract We report results of 1) a high-field (≤ 45 T) magneto-optical study and 2) a femtosecond nearinfrared pump-probe study of micelle-suspended singlewalled carbon nanotubes (SWCNTs) whose linear absorption and emission spectra show a number of chiralitydependent peaks. In 1), we observed significant peak broadening and splitting in some of the absorption peaks in magnetic fields above 30 T, which we interpret as an onset of the Aharonov-Bohm-type oscillations of band gaps predicted for SWCNTs in high magnetic fields applied along the tube axis. In 2), we identified two distinct regimes in ultrafast carrier relaxation in SWCNTs: fast (0.3-1.2 ps) and slow (5-20 ps). The slow component, which has not been observed previously, is resonantly enhanced whenever the pump photon energy resonates with an interband absorption peak, and we attribute it to radiative carrier recombination. The slow component is also dependent on the pH of the solution, which suggests an important role played by H + ions surrounding the nanotubes (as "acceptors").
Introduction
Single-walled carbon nanotubes (SWCNTs) provide a variety of new opportunities for the exploration of onedimensional (1-D) quantum physics as well as novel device applications. Although their mechanical and electrical properties have been extensively studied during the past decade, there has been only limited success in exploring their optical, magnetic, and magneto-optical properties. In addition to what is commonly expected ⋆ Corresponding author; kono@rice.edu. ⋆⋆ Present address: Department of Chemical and Biomolecular Engineering, University of Illinois, Urbana IL.
for excitons in 1-D systems [1, 2, 3] , SWCNTs are expected to show a new class of optical phenomena that arise from their unique tubular structure with varying diameters and chiral angles. Linear and nonlinear optical coefficients are expected to be diameter-and chiralitydependent, and an external magnetic field is expected to induce drastic modifications on their band structure via the Aharonov-Bohm phase [4, 5, 6, 7] . Furthermore, nonlinear harmonic generation is expected to be highly selective for creating certain orders of high harmonics [8] .
However, these predictions have not been verified experimentally. In standard production methods, SWCNTs appear in the form of bundles (or 'ropes') due to their strong Van-der Walls forces, which results in significant broadening of electronic states, smearing out any chirality-dependent features in optical spectra [9, 10, 11, 12, 13, 14, 15] . Very recently, a new technique for producing individually suspended SWCNTs has been reported [16] . These samples have revealed, for the first time, a number of clearly observable peaks in linear absorption and emission spectra, corresponding to interband transitions in different types of tubes. A subsequent photoluminescence excitation spectroscopy study successfully provided detailed peak assignments [17] .
In this article, we report results of magneto-absorption and femtosecond pump-probe studies of such micellesuspended SWCNTs. We observed magnetic-field-induced splitting in absorption peaks above 30 T, which we interpret as an onset of the predicted Aharonov-Bohm oscillations of band gaps [4, 5, 6, 7] . We identified two distinct regimes in ultrafast carrier relaxation: fast (0.3-1.2 ps) and slow (5-20 ps). The slow component has not been observed previously, is resonantly enhanced when the pump photon energy matches an absorption peak, and is attributed to radiative carrier recombination. The slow component is also strongly dependent on the pH of the solution, especially in large diameter tubes.
Samples Studied
The SWCNTs studied in the present work were dispersed in aqueous sodium dodecyl sulfate (SDS) surfactant, sonicated, and centrifuged, which left micellesuspended nanotube solutions. Details of the sample preparation method were described previously [16] . Typical linear absorption and photoluminescence (PL) spectra for such micelle-suspended SWCNTs are shown in Fig. 1(b) , together with a schematic density of states versus energy of semiconducting SWCNTs in Fig. 1(a) . The PL peaks occur in the near-infrared (∼0.9-1.4 eV) and are due to transitions involving the first conduction (E 1 ) and valence (H 1 ) subbands. The absorption spectrum shows peaks from the near-infrared to the ultraviolet, consisting of three overlapping bands: E 1 H 1 transitions in semiconducting tubes (0.78-1.55 eV), E 2 H 2 transitions in semiconducting tubes (1.38-2.26 eV), and transitions in metallic tubes (2.07-3.11 eV). Detailed analyses and interpretations of these linear absorption/emission features are described in [17, 18] .
Magneto-Optics

Aharonov-Bohm effect on optical absorption: predictions
Bloch electrons in magnetic fields exhibit fascinating phenomena, a well-known example being Hofstadter's butterfly [19] , where the interplay of the cyclotron radius and the lattice period plays a key role. Here, we explore another interesting possibility of this type of quantum interference phenomena, predicted for electrons in SWCNTs in a magnetic field parallel to the tube axis [4, 5, 6, 7, 20, 21, 22, 23] , where the key parameter is the number of magnetic flux quanta penetrating through the tube.
Within the k · p model, states near the K point in a SWCNT in the presence of a magnetic field B = ∇ × A are described by an effective-mass equation [4] :
where γ ≈ 0.646 eV-nm, 'A' and 'B' denote the two π bands that are degenerate at the K point, F A and F B are envelope functions, α is the chiral angle, and (k x ,k y ) = −i∇ + (e/h)A. Equation (1) can be solved by imposing boundary conditions. In the presence of B, the generalized periodic boundary condition in the circumference direction is given by
where ϕ = φ/φ 0 , φ is the Aharonov-Bohm (AB) magnetic flux through the tube, φ 0 = ch/e, and C h = (n, m) is the chiral vector. Here, ψ is the total wave function, given by
where u A K and u B K are the Bloch functions at the K point. The Bloch functions change their phase by exp(iK·C h ) = exp(2πiν/3), where ν = 0, ±1 is defined by n − m = 3M + ν where M is an integer. This phase change in the Bloch functions has to be cancelled by the phase change in the envelope functions to satisfy the total boundary condition [Eq. (2) ]. Thus,
where j = A or B.
Assuming F ∝ exp(iκx) exp(iky) (whereê x C h circumference andê y B tube axis), one can solve Eq. (1) to find:
(subband index), and + (−) corresponds to the conduction (valence) band. Thus, the band gap is generally expressed as
At zero field (φ = 0), E g is zero for metallic (ν = 0) nanotubes while E g = 4πγ/3L for semiconducting (ν = ±1) nanotubes. These simple rules break down at finite magnetic fields (φ = 0). Calculated band gaps (see, e.g., [21] ) exhibit oscillations with period φ 0 , i.e., the magnetic flux quantum. Furthermore, since the magnetic field breaks the time-reversal symmetry, the Kramers degeneracy between the K and K ′ points is lifted in finite fields. Specifically, for a ν = 1 semiconducting nanotube, the lowest transition (E 1 H 1 ) splits into
Similar splitting is expected for higher subband transitions as well [21, 23] . As a numerical example, let us consider a (10,3) tube, for which ν = 1, L = 2.936 nm, and E g (φ = 0) = 4πγ/3L = 0.922 eV. Equation (6) Below we describe our initial attempts to uncover this exotic quantum effect by magneto-optical spectroscopy. While the AB effect itself has been demonstrated in other systems (see, e.g., [24, 25] ), the uniqueness of the AB effect here lies in its interplay with the Bloch theorem, i.e., the explicit involvement of the lattice periodic potential of the carbon atoms on the circumference. Only a handful of experiments have attempted to probe magnetic properties of SWCNTs [26, 27, 28, 29] and none have probed magneto-optical properties, to our knowledge.
Aharonov-Bohm effect on optical absorption: experiments
We have performed magneto-absorption measurements on liquid (D 2 O) samples rich in unbundled SDS-suspended SWCNTs in high DC magnetic fields up to 45 T, using the hybrid magnet at the National High Magnetic Field Laboratory [30] . The nanotube solution was contained in a cell made of quartz with an effective optical length of 0.5 cm. A reference D 2 O solution containing SDS, but not SWCNTs, was used to normalize the nanotube spectra. The sample cell was mounted with a polarizer on a specially designed sample stick with integrated optic fibers, lenses, and mirrors. The stick was inserted into the bore of the hybrid magnet, and the sample area was purged with dry nitrogen to avoid condensation due to the cooling water for the magnet.
There are six possible non-equivalent configurations in performing polarization-dependent magneto-absorption measurements on nanotubes (three in the Voigt and three in the Faraday geometry), depending on the relative orientations of the four vectors: the propagation vector, k light , of the probe light, the electric field, E light , of the probe light, the magnetic field B, and the unit vector e y in the tube axis direction. (The last is dependent on B, as shown below.) In the present work, we employed two of these configurations, i.e., B ⊥ E and B E in the Voigt geometry (i.e., k ⊥ B). All measurements were done at room temperature.
Figure 2(a) shows polarization-dependent absorption spectra from 0 T to 45 T in the spectral range of the first subband (E 1 H 1 ) transitions. The solid and dashed lines are for parallel (B E) and perpendicular (B ⊥ E) polarizations, respectively. It is seen that the magnetic field induces drastic changes in the spectrum. First, note that no traces are intentionally offset, so the polarization- dependent vertical shifts of the spectra are real. In other words, the magnetic field strongly increases (decreases) the overall absorption coefficient in the parallel (perpendicular) case, resulting in huge optical anisotropy. For example, at 45 T, the absorption coefficient ratio for the two polarizations is α /α ⊥ ≈ 5.
The magnetic field also induces large spectral modifications. Specifically, each absorption peak is seen to become broader with increasing B and finally split in the highest field range, i.e., 30-45 T. To see the splitting more clearly, an expanded plot, showing only two of the absorption peaks, is presented in Fig. 2(b) . Here, the left peak (∼ 0.99 eV) consists of three types of SWCNTs [(10,3), (10, 5) , and (9,5)] and the right peak (∼1.06 eV) consists of two types [(8,6) and (12,1)]. Note that the typical linewidth of E 1 H 1 transitions is 15-25 meV whereas the observed splitting is 30-40 meV, indicating that the field range we employed (30-45 T) was just high enough to overcome the line broadening and reveal splittings. At 20 T, the splittings are still much less than the linewidth and the absorption spectrum looks very similar to the zero-magnetic-field spectrum.
On the other hand, the typical linewidth of E 2 H 2 transitions is large (∼100 meV) (primarily due to the much shorter carrier lifetimes and/or dephasing times in the second subbands than in the first subbands; see Section 4). Therefore, as shown in Fig. 3 , magnetic-fieldinduced spectral changes are not observable in the E 2 H 2 transitions within the magnetic field range available to us. Here, again, no traces are offset, and the absorption is seen to increase with increasing magnetic field, as in the E 1 H 1 transition case, since the light polarization is parallel to the magnetic field. Magnetic Field (T) (10, 3) nanotube Fig. 4 The expected two branches of the E1H1 transition in a (10,3) carbon nanotube as a function of magnetic field up to 50 T, based on Ajiki-Ando's theory [4, 21] . See Equation (6) . The amount of splitting at 45 T is ∼41 meV, which is consistent with the experimental observation in Fig. 2. 
Aharonov-Bohm effect on optical absorption: discussion
Here we discuss the origins of the two main observed features: field-induced optical anisotropy and field-induced peak splittings. We attribute the field-induced optical anisotropy to the magnetic alignment of the nanotubes in the solution via their anisotropic magnetic susceptibility χ [5, 6, 7, 20, 27, 31, 29] . Calculations [5, 7] have shown that semiconducting SWCNTs are diamagnetic (χ ¡ 0) and their susceptibilities are smaller in the tube direction (|χ |) than in the perpendicular direction (|χ ⊥ |). Therefore, the nanotubes are expected to align along the magnetic field direction to minimize their energy. (For a simple numerical estimate for the magnetic field strength required to align a (10,10) nanotube in a solution, see [29] .) In addition, the selection rules for interband transitions in SWCNTs are such that both E 1 H 1 and E 2 H 2 transitions are allowed only for light polarized parallel to the tube axis. Hence, as the field increases, more and more tubes in the solution align in the field direction, and the absorption coefficient increases (decreases) with increasing magnetic field for parallel (perpendicular) polarization. These considerations are in complete agreement with our observations. We interpret the observed field-induced absorptionpeak splittings as an onset of the predicted AB oscillations of band gaps in SWCNTs in a strong parallel magnetic field. The amount of peak splitting, 30-40 meV at 45 T, is consistent with estimates based on Ajiki-Ando's theory [4, 21] . Figure 4 shows the calculated magneticfield-dependence of the two 'branches' of the E 1 H 1 transition for a (10,3) tube, arising from the K and K ′ points. Note that the theory uses the simple tight-binding expression for deducing the zero-field band gap, which is known to underestimate experimental values due to the neglect of excitonic and trigonal warping effects [17, 18] . Other than this slight quantitative difference, there is clearly excellent agreement between theory (Fig. 4) and experiment [ Fig. 2(b) ].
Ultrafast Optics
Ultrafast Optics: Experimental Setup
We performed wavelength-dependent, degenerate pumpprobe measurements using ∼150 fs pulses from an optical parametric amplifier (OPA) pumped by a chirped pulse amplifier (Clark-MXR CPA2010). Details of the setup were described previously [32] . We used a low pulse-repetition rate (1 kHz) for minimizing the average power and reducing any thermal effects while keeping the fluence high. To detect small photoinduced changes in probe transmission, we synchronously chopped the pump beam at 500 Hz and measured the transmission with (T ) and without (T 0 ) the pump using two different gates of a box-car integrator. The smallest detectable differential transmission [(T − T 0 )/T 0 ≡ ∆T /T 0 ] was ∼10 −4 . We used a noncollinear geometry with a pump beam diameter of ∼220 µm in the overlap area. We tuned the OPA throughout the range of first subband transitions (i.e., E 1 H 1 transitions; see Fig. 1 ) with photon energies hν = 0.8 eV to 1.13 eV (wavelengths λ = 1.1 µm to 1.55 µm). In addition, by directly using the CPA beam (hν = 1.60 eV, λ = 775 nm), we probed a region of second subband transitions (E 2 H 2 ). Figure 5 shows typical differential transmission (∆T /T 0 ) data as a function of time delay. Two traces are shown, taken at 0.89 eV (1393 nm) and 1.60 eV (775 nm), corresponding to E 1 H 1 and E 2 H 2 transitions, respectively (refer to Fig. 1 ). Both show a positive change (or an increase) in transmission, i.e., photoinduced bleaching, which is consistent with band filling. An exponential fit reveals a fast, single decay time of 770 fs for the E 2 H 2 transition, which is consistent with earlier reports and can be explained by the very fast intraband carrier relaxation towards the band edge (see, e.g., [33] ). On the contrary, data in the range of E 1 H 1 transitions exhibit multiple exponential decays. The major decay of the photoinduced signal happens in the first picosecond (with decay time τ 1 ), which is followed by a much slower relaxation process. For the particular data shown in Fig. 5 , we obtained an exponential decay time of τ 2 ≈ 10 ps. This long decay time has not been reported previously for either metallic [34] or semiconducting SWCNTs [33, 35, 36] . Fig. 6 The pump fluence dependence of the maximum photoinduced transmission change at the two wavelengths corresponding to the two traces in Fig. 5 . In both cases clear saturation is seen.
Ultrafast Optics: Experimental Results
First vs. Second Subband Excitations
Pump Fluence Dependence
For both first and second subband transitions, the pump fluence dependence of the maximum value of ∆T /T 0 reveals clear saturation at high fluences, as shown in Fig. 6 . This implies that, in the saturation regime, most of the carrier states are filled up and thus the sample absorption is nearly completely quenched. A careful analysis of the differential transmission decays for the hν = 0.89 eV case showed that relaxation dynamics are not dependent on the pump fluence, including the saturation regime. This precludes the possibility of any nonlinear recombination process such as the Auger recombination. 
Resonant vs. Non-resonant Excitations
To study any differences between resonant and non-resonant excitations in carrier relaxation as well as any diameterand/or chirality-dependent phenomena, we scanned the photon energy from 0.8 eV to 1.1 eV, corresponding to the E 1 H 1 transitions of 0.82-1.29 nm diameter tubes [17] . For all the photon energies, the pump fluence was kept constant at 1 mJ/cm 2 , which is below the saturation regime [see Fig. 6 ]. Figure 7(a) shows the linear absorption spectrum in the E 1 H 1 transition range. The photon energies at which we performed pump-probe measurements are labeled 1 − 16, covering both peaks and valleys in absorption. Figure 7(b) shows the maximum value of ∆T /T 0 as a function of photon energy; it loosely follows the absorption curve in (a). Also shown in Fig.  7(b) (right vertical axis) is the ratio of the slow component to the fast component as a function of photon energy; it also follows the absorption curve in (a), indicating that the slow component is resonantly enhanced at absorption peaks.
To demonstrate this resonant enhancement of the slow component more clearly and directly, eight traces of differential transmission dynamics taken at different photon energies are shown in Figs. 8(a)-8(h) . The chosen photon energies correspond to the peaks and valleys in the linear absorbtion data in Fig. 7(a), marked as 2, 3, 4 , 6, 7, 8, 11, and 13. For the photon energies corresponding to peaks in linear absorption [(a), (c), (e), and (g)], the chirality indices (n,m) assigned through PL excitation spectroscopy [17, 18] are also indicated for the SWCNTs probed at those energies. The slow component is clearly observable for the photon energies corresponding to ab- 
pH Dependence
We also found that pump-probe dynamics are strongly dependent on the pH of the solution and the dependence is stronger at longer wavelengths (or larger tube diameters). Specifically, we observed that the slow component drastically diminishes as the pH is reduced. Examples are shown in Fig. 9 . As previously reported [37] , adding hydrogen ions, H + , to the solution (or, equivalently, decreasing the pH value) diminishes, and finally collapses, linear absorption peaks. This effect starts from the longer wavelength side, i.e., from larger diameter tubes. The corresponding reduction and disappearance of the slow component shows exactly the same trend (see Fig. 9 ).
Ultrafast Optics: Discussion
Both the positive sign of the differential transmission and the initial ultrafast (¡ 1 ps) relaxation agree with the recent reports for semiconducting SWCNTs [33, 35, 36] . The positive sign can be interpreted as band filling as the cause of the photo-bleaching signal and is consistent with the saturation at high fluences (Fig. 6) . We believe that the ultrafast decay mechanism is nonradiative, e.g., phonon and/or impurity-mediated intraband and interband relaxation. Note that we are not seeing any pump-power-dependent recombination such as Auger recombination. In addition, it is likely that there is some coherent contribution to the pump-probe signal in this ultrashort time scale. However, since we were not able to observe any four-wave mixing signal, we do not have an estimate on the dephasing time and thus will not discuss how large this contribution is.
On the other hand, the slow decay we observed under resonant conditions has not been reported before. An important clue for understanding this observation is that in the previous work no photoluminescence (PL) was observed whereas our sample exhibits PL peaks at the same energies as E 1 H 1 absorption peaks. In addition, reducing the pH of the solution destroys PL and absorption peaks while at the same time the slow decay also vanishes (see Fig. 9 ), indicating an intimate relationship between PL and the slow decay. Furthermore, pump-probe measurements are sensitive to the total lifetimes (including radiative and non-radiative lifetimes). These considerations lead us to believe that the larger decay time (τ 2 = 5-20 ps) corresponds to the radiative recombination lifetime, τ r . An estimate of τ r from the measured absorption coefficient (via the van Roosbroeck-Shockley relation [38] ) yields ∼20 ps, which is similar to τ 2 .
Finally, we discuss possible origins of the drastic pH dependence we observed. Decreasing the pH leads to an increase in the density of H + . First, adsorbed H + ions on the nanotube surface could add a relaxation channel by the creation of ultrafast carrier trapping centers (defects). This should make the fast non-radiative recombination dominant over the slower radiative recombination if the density of such trapping centers is high. In addition, as previously noted, H + ions effectively act as acceptors in SWCNTs, and thus the Fermi energy (E F ) depends on the H + density. When the density is so high that E F lies inside the valence band, interband absorption peaks disappear, irrespective of whether the peaks are due to excitons or van Hove singularities. This can be viewed as a 1-D manifestation of the well-known Burstein-Moss effect [39, 40] . Larger-diameter tubes are expected to have smaller acceptor binding energies due to their smaller effective masses, and thus should be more susceptible to pH changes. In a heavy doping regime, there is a degenerate hole gas in the valence band, which can completely quench excitonic processes.
Summary and Future Studies
In summary, we have carried out magneto-optical and ultrafast optical studies of micelle-suspended single-walled carbon nanotubes. In linear absorption spectra in high magnetic fields (30-45 T), we observed splittings in some of the first subband transition peaks. The amounts of splittings (30-40 meV at 45 T) were consistent with the interpretation that they are an onset of the AharonovBohm oscillations of band gaps with magnetic field, predicted for SWCNTs in strong parallel magnetic fields. Splittings were absent in the second subband transitions due to their much larger linewidths (∼ 100 meV). We are currently extending the present work to 1) higher magnetic fields using pulsed magnets, ii) PL and photoluminescence excitation spectroscopies in high magnetic fields, and iii) low temperature measurements. These would reveal more clear and drastic evidence of the predicted AB effect as well as unpredicted phenomena.
In ultrafast optics, we have observed two relaxation regimes in the dynamics of micelle-suspended SWCNTs under resonant excitations. We interpret the previously unobserved larger decay time τ 2 as radiative recombination and the previously observed shorter decay time τ 1 as nonradiative recombination. The relaxation of photoexcited carriers can be made faster if the density of H + ions in the solution is increased while simply increasing the number of photoexcited carriers does not change the dynamics. The sensitive pH dependence provides a novel means to chemically control carrier states and dynamics in nanotubes. We are currently extending our work to time-resolved photoluminescence using up-conversion.
